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1.  INTRODUCTION 


The  control  or  power  element  in  many  hydraulic  feedback  control  systems  is  the  servovalve. 
The  servovalve  varies  the  rate  and  the  direction  of  flow  of  fluid  to  a fluid  motor  or  an  actuator  by 
metering  the  hydraulic  fluid  through  controlled  orifices.*  A large  number  of  servovalves  are  elec- 
trohydraulic.  This  type  is  widely  used  because  electrical  devices  are  ideal  for  sensing,  signal 
amplification,  and  computation.  On  the  other  hand,  the  power  output  and  the  compactness  of 
hydraulic  actuators  make  them  ideally  suited  as  power  devices.  Thus,  the  electrohydraulic  ser- 
vovalve serves  as  an  interface  as  well  as  a power  element  in  control  systems.  It  converts  low-power 
electrical  signals  into  motion  of  a valve,  which  in  turn  controls  large  flows  or  pressures  to  a 
hydraulic  actuator.* 

The  two-stage  electrohydraulic  valve  (fig.  1)  has  wide  usage  and  is  of  primary  interest  in  this 
study.  The  two-stage  servovalve  usually  has  a nozzle  flapper  valve  for  the  first  or  primary  stage. 
The  flapper  valve  is  used  with  the  torque  motor  (fig.  1)  to  provide  a hydraulic  pressure  or  force  to 
move  the  second-  or  power-stage  spool.  The  combined  torque  motor-flapper  valve  is  frequently 
called  a hydraulic  amplifier.  This  type  of  hydraulic  amplifier  is  well  suited  for  use  as  a first  stage 
because  it  has  an  extremely  lightweight  moving  element  (the  flapper),  which  requires  very  small 
magnetic  forces,  thus  minimizing  the  electrical  .input  power  required  for  any  given  response 
characteristic.  It  has  comparatively  high  leakage  flow,  but  since  the  first  stage  need  not  be  large, 
its  flow  consumption  may  be  held  to  less  than  10  percent  of  the  total  flow  across  the  power  spool. 

The  second  or  power  stage  in  the  servovalve  in  figure  1 employs  a spool  or  a sliding  element 
that  moves  in  a direction  perpendicular  to  the  static  pressure  force  or  the  flow  of  fluid.  It  meters 
the  flow  of  high-pressure  fluid  to  the  actuator.  This  sliding  valve  has  relatively  little  leakage  flow 
and  can  be  built  with  very  high  power  gains.  Servovalves  with  the  torque  motor-flapper  nozzle 
first-stage,  spool  valve  second-stage  arrangement  can  be  built  with  up  to  11  kW  (15  hp)  in  ca- 
pacity with  inputs  of  as  little  as  10  mW  into  the  torque  motor  and  with  outputs  of  up  to 
0.001  m*/s  (20  g/m)  and  time  constants  of  3 to  5 ms.  A two-stage  valve  of  this  type  is  practically 
insensitive  to  accelerations  and  vibrations  because  the  forces  available  to  drive  the  spool  are  many 
times  greater  than  the  weight  of  the  spool  itself.  However,  the  “stiction”  force  (the  force  required 
to  break  the  spool  loose  and  get  it  moving)  is  high  with  the  sliding  spool  type  of  second  stage,  and  it 
can  easily  be  jammed  by  dirt  and  impurities.* 

The  invention  and  the  development  of  flueric  amplifiers  and  flueric  or  fluidic  control 
elements  that  can  sense,  amplify,  and  compute  make  it  possible  to  build  pneumatic-hydraulic  or 
all-hydraulic  control  systems.  However,  the  servovalve  in  such  systems  must  be  designed  for 
fluidic,  rather  than  electrical,  input  signals.  Pneumatic- hydraulic  and  all-hydraulic  control 
systems  are  of  interest  because 

a.  They  have  the  potential  for  high-frequency  response  (time  constants  of  1 to  5 ms). 

b.  They  may  be  more  reliable  than  conventional  systems  since  they  are  more  rugged.® 


'A.  C.  Mone,  Llectrohydraulic  Servomechanisms,  McGraw-Hill  Book  Co.,  New  York  (1963). 

*H.  E.  Merritt,  Hydraulic  Control  Systems,  John  Wiley  and  Sons,  Inc.,  New  York  (1967). 

*fi.  V.  Burton,  Design  Study— Fluidic  Armament  Control  System  (FACS),  Honeywell,  Inc.,  Minneapolis,  MN, 
TR-69-2440  (1939). 
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Figure  1.  Two-sUge  electrohydraulic  servovalve. 


c.  They  will  eliminate  electrlcal-to-hydraulic,  mechanical- to- hydraulic,  etc.,  inter- 
face devices  for  all-hydraulic  systems. 

d.  They  can  be  powered  by  the  existing  hydraulic  transmission  power  supply. 

e.  They  can  possibly  be  produced  and  operated  at  lower  cost  (few  moving  parts  and 
no  auxiliary  power  supply  for  electrical  or  mechanical  components).^ 

At  present,  fluidic  input  servovalves  have  time  constants  of  approximately  15  ms.  This  study 
is  primarily  concerned  with  the  design  changes  needed  to  obtain  time  constants  of  1 to  5 ms  for 
fluidic  input  servov^ves  and  to  reduce  leakage  flow. 


*L.  B.  Kelly  and  W.  H.  Booth,  Hydraulic  Fluklict,  American  Society  of  Mechanical  Engtneere  (1908). 
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2.  DESIGN  CONSIDERATIONS 

Ono  or  mart*  of  ttu*  following  rousons  uro  usually  givon  for  using  fluidic  dements  in  servovalve 
design;  (1)  increasing  ndiahility.  (2)  lowering  produrtion  cost,  and  (3)  providing  for  fluidic  input. 

There  art*  many  (Hxssible  fluidic  servovalve  designs.  One  design^  calls  for  un  inverted  flupiK'r 
nozzle  first  or  input  stage'  and  a vortex  valve  second  stage.  A st'cond  di'sign*  use's  a fluidic  {newer 
am{)lifier  (of  one  or  more  .stagw)  os  a first  stage*  to  tlrive  a si'cond-.stage'  s{nH)l.  A third  de’sign  calls 
for  the  use  of  a fluidic  amplifier  cast'aele  ami  a “je*t  |ei|H'“’  to  drive  the  .se*cond-.stage*  S|)ool.' 

A fourth  dedgn  calls  for  eliminating  the  temiue  motor  from  the  two-.stage  valve  (fig.  1)  and  at- 
taching intvhanical  Im'IIows  to  the  fla()(H<r  arm  (fig.  2).  The*  Im'Uows  can  then  lx*  driven  hy  a fluidic 
am|>lifie*r.  The  o{H*rations  of  the  twie-stage*  e'levtrohydraulic  .servovalve  (fig.  1)  and  the  fluidic  in- 
put .se'rvovalve  (fig.  2)  are*  hosically  the  .same.  The*y  differ  only  in  that  the  input  toreiue  applied  to 
the  flap(X*r  hy  the  tor({ue  motor  ineiuced  magnc'tic  force's  in  the  e'lex'trohydraulic  version  is  pmvid- 
ed  by  the*  fluidic  amplifie*r  output  pressure*  used  to  alte*rnttte*ly  charge*  and  dise'harge  the  Ix'llows  in 
the  fluidic  versmn.  This  fourth  se'rvovalve  eie^sign  se>ems  the  imxst  (tromising  in  terms  of  minimizing 
the  servovalve  time*  extn.stant  and  the  le*akage*  flow.  This  two-stage  fluidic  servovalve  arrunge'inent 
was  .studied  hevause*  of  its  promi.se*  and  its  similarity  tet  the*  ctmve*ntional  two- stage  e'le*ctrohydraulic 
.se'rvovalve  (fig.  U.  The  de*sign  change’s  needexl  to  minimize  the  .servewalve  time  constant  umf  the 
leakage*  flow  in  this  arrunge'inent  are*  derived  in  the  following  .se>e'tions. 

2,1  Derivation  of  Servovalve  Transfer  Function 

This  study  is  s{H*e'ifU'ally  e'emce'rned  with  ’’.sim|>le*‘’  first-.stage  design  changes  that  will 
minimize  the*  .se'rvovalve  time  constant  and  the  leakage  fltiw.  Attention  is  direx'ttd  to  the  first  stage* 
of  the*  valve  bevause  sim(ile  first-stage*  de'sign  change's  can  {mibably  lx*  made  without  neces-situting 
redesign  of  other  (xirtions  of  the*  valve.  The*re*fore*.  the  transfer  function  for  the  fluidic  input  ser- 
vovalve (fig.  31  is  elerivtd  to  determine  the*  de'sign  {)arame*te*rs  that  can  lx*  adjusted  to  incrett.se*  the 
servovalve*  freH|uency  res(X)nse*.  Ne'gU'cting  fluuiic  amplifie'r  input  dynamics  and  trun.s{X)rt  delay,  u 
pressure*  difference*  lx*twtx*n  the  amplifier  outputs  ami  the  Ix'llows  re'sults  in  u flow  Ix'twevn  the 
amplifier  and  the  Ix'llows  given  by  tX]uution  (1); 

l’Al  ‘’Hl-a.V'‘+HAK)i*  (1) 


where 


- amplifier  output  pre*s.sure  (I’u). 
I’jj  - be'llows  pre*,s.sure  (I’a), 


*T.  S.  Homia  aniJ  I'.  S.  NaUxHwAy,  yiutJif  I'ortva  fa/tv  Sm'ojriiwior  Dn^iopmnU.  limrrtti  K/o-toV  Co. . ^•hnxfotody. 
\r,  l'S,AAfM8.S  TffhnU-ut  Hrtxiii  6SX2J  (.Way  limS). 

C.  Keiif  and  J.  H.  Slolumi.  HittiniJIuUiif  Stn-oactualor  Pn'riopmmt.  Uontyu'ril  Inc..  \linnixii>oii.i. 
I’SAAMHDt.  TeohnU-at  Hrjmrt  73-13  (Miiy  lf)T3). 

V.  H.  (.rarMfi,  Hiwiwn-ti  anti  im  u HuUik'  Sm-oacluator.  Conrral  F.ifi'tric  Co.,  Hlinihamlon,  .VV. 

AFFDI.-TR-T0-33  {July  1970). 
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« amplifier  output  inertance  (Ns*/m*), 
s ■>  Laplace  transform  variable  (1/s), 

* amplifier  output  resistance  (Ns/m^), 

Qj  * flow  into  bellows  (m*/s). 

The  sum  of  the  flows  into  the  bellows  is 

QrQo~  CsPb  , (2) 

where 

Qq  * rgAgsd,  outflow  caused  by  extension  of  bellows  (m*/s), 

Tb  * bellows  moment  arm  (m), 

Ab  ~ bellows  cross-sectional  area  (m*), 

8 * angular  deflection  of  flapper  or  torque  arm  (rad), 

C ~ fixed  volume  capacitance  of  bellows  (mVN). 

Substituting  equation  (2)  into  equation  (1)  for  both  sides  (fig.  3 shows  a push-pull 
system),  noting  that  outflow  on  one  side  is  inflow  to  the  opposite  side,  gives  the  differential  bellows 
pressure: 


APb(s) 


. 2(rBAB)(LAS  -*•  RA)sfl(5) 


(3) 


From  figure  4,  the  fluidic  input  torque,  T]  (Nm),  is  equal  to  the  restoring  torque  as 
shown  below; 

T,  - APB(s)(rBAB)  - (js*  + 2kBii)e(s)  , (4) 

where 

J « polar  moment  of  inertial  of  flapper  (m-N-s*), 

>■  net  torque  spring  rate  due  to  torsional  spring,  magnetic  effects,  and 
flow  forces  on  flapper  (m-N/rad), 

Icb  ■ spring  rate  of  bellows  (N/m). 
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fLAPnH 


NOTK  SVMBDl-S  AKK  IHIFINKD  ON  >’»’  23.  24 


An  - UOZZlE  exit  AREA 


IWUT  TORQUE  T,  - AP,U)f,A, 


RESTORING  TORQUE  - (J»‘  ♦ K „ ♦ 2k* f,’  m$) 
E'ikuiv  4.  T«r<|(R**  on  flappt'r. 


If  (he  flupiM'r  Mrii)  In'tidv  as  .sho\%ii  in  fijiiiirr  5.  the  torqiu'  siiininution  on  the  flupiM*) 
must  include  the  In'mlinj:  term,  , »s  ditiwu  IvUm ; 

AI*n(s)(rBA{j)  - {}s*  + K|,„2kprp)(0(s)l  + K^.,r^4('‘)  • 

where 

K^.f  .<iprin(2  txinsUnt  of  cantilevert'd  flapiXT  arm.  which  is  assuimtl  to  In- 
fixed at  pisot  (N/rad). 

Cfi  •>  flapirer  moment  arm  (in). 

f(s)  ■ single  side  flapiier  iH-iiding  angle  (rad). 

Substituting  equation  (3)  into  espiation  (5)  gives  the  flapper  deflivtion,  0(.s)  (rad). 


Figure  5.  Flapper  deflection  and  bending  angle. 


e(s) 


APa(>’bAb) 


1 

Ly^Cs*  + H^Cs  + 1 


- KrfrB4(s) 


2(rBAB)‘(LAS  + Ra)  1 , ^ 
LaCs*  + RaCs  +1  J®  ^ 


+ ZkgrB 


(6) 


However,  if  the  flapper  arm  cantilever  spring  constant,  K^j,  is  very  high,  then  |(s)  is  negligible, 
and  equation  (6)  reduces  to 


e(s)  - 


APa(''’bAb) 


LaCs*  Ra^^^  'i'  1 


s ^an  ^kgr^ 


(7) 
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For  hydraulic  applications,  C 


(volume/ bulk  modulus)  « 1 and  equation  (7)  becomes 


fl(s) 


^Pa(«‘B^b)  

j + 2(rBAB)*LA]s*  + [2(rBAB)‘RA]s  + K,„  + 2kBr‘p  ‘ 


The  flapper  displacement,  Xf  (rad),  at  the  nozxles  is  given  as 


(8) 


Xf  - rufi  . (9) 

When  the  dapper  is  dcdected  from  its  centered  |iasition,  a differential  pressure,  APj  p (Pa),  is 
generated  at  the  ends  of  the  spool: 


APu.  - KfXf , 


(10) 


where 


Kf  dapper  nozzle  pressure  gain  (N/m*). 

The  differential  pressure  acts  agalast  the  ctmtering  springs  at  the  ends  of  the  sp(X)l. 
Neglecting  sliding  friction,  the  stKxd  displacement,  x,  (m),  tuf  » function  of  APj  p is  given  as 

x,-APu.VK,,  (11) 


where 


Aj  «•  sjHH)l  end  area  (m*), 

- differential  spring  constant  of  centering  springs  attached  to  ends  of  spiml 
(N/m), 

Finally,  the  spool  displacement  generates  a load  dow,  Qi  (m*/s),  given  by 

Ql  - • (^2) 


where 


« spool  dow  constant  (m*/s), 

A block  diagram  description  of  the  complete  two-stage  sefvovalve  is  shown  in  figure  6. 
The  spool  position  feedback  term,  r|,f  Af^jAPpp,  is  negligible  so  that  this  is  essentially  an  oiten  Kxip 
type  of  servovalve.'  The  complete  valve  transfer  function  is  given  as 


•A.  C.  Mar*r,  Ehctwh^/drauHc  Srrvont^rAanimu,  StcGruw-HUl  Book  Co.,  /Vru>  York  (1983). 


KIkuiv  (i.  Fluidic  input  twrvuvalvc  hltH'k  diajtmm. 


Ql.('i) K, 

AI’a(s)"  ‘ (J  + 2(r«A„)‘I.AFrt2(rBA„)‘Hjs  + K...  4 2kur{,‘ 


(13) 


Two-sUjio  oitH.'troh)'druulic'  .wrvovulvos  arc  cumplox  dcviiiJS  that  exhibit  hlKh-urder. 
tuinlinoar  rtvs|M)nxe.  If  a first* , .sccund*.  or  third-order  transfer  function.  H(s)  (nvVNs)  is  seltH,'ted  to 
reprt^ent  servovalve  dynainics,  only  an  approximation  to  the  actual  response  is  possible.  First- 
order  approximations  result  in  the  exprevston  “etjulvalent  time  constant”  of  the  servovalve,  t.  This 
approximation  assumes  that  the  servovalve  can  be  tiescribeii  as  a first-order  system  ttb'en  by  etjua- 
tlon  (14)  I 


H,(s) 


K, 


TS  + 1 


(14) 


where 


K|  - servovalve  ((ain  (in*/N.s). 


This  approximation  should  oorrtvs|Hmd  to  the  45-deit  phase  point  rather  than  the  0.7 
amplitude  ix»int  (-3  dB) . This  rtfpro.sentation  of  the  st»rvovalve  dynamics  is  g(X)d  through  the  low- 
frequency  range,  approximately  0 to  50  Hz.*  If  the  low-frtHiuency  rangt>  of  the  nuidic  input  valve 
is  of  interest,  then  the  s*  term  in  equation  (13)  can  be  neglected  compared  with  the  (K^„  2kpr^) 
term.  This  approximation  implies  that  the  fluidic  amplifier  output  inertaiu^,  and  the  flapixtr 
|)ular  moment  of  inertia,  J,  are  negligible  in  this  fre(]uency  rangt>.  The  valve  transfer  function  then 
beconu's 


‘D.  ].  Ttmyrr,  Tniiujtr  h'uncliunsjor  Mmm  St’run'oh'fa,  Hm>.  «<,,  Miton  liw,.  Kail  Auruni.  W,  TtH'hnU'ol  BulMn  1(0 
(1965). 
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where 


A^KfAyK^l, 


H,(s)  - 


QlM) 

A1’a(s) 


( T * "'•) 


24 

+ 2k» 

fB 


l^s  + 1 


Tn- 

Thus,  the  servovalve  time  constant,  r,  is  given  as 


where 


2AJ. 


T - 


+ 2k, 


Ha. 


^B 


2Ag/[(K^„/rB)  ■*■  2kg]  - effective  capacitanw  of  bellows. 


(15) 


(16) 


A pha.se  lag  of  45  deg  (Kcurs  at  the  flr.st-order  break  frespiency,  fg  (1/s),  given  by 

“ "2^7  • (17) 

Therefore,  t should  be  minimized  to  achieve  favorable  high-frinpiency  re.S|H)n.se.  From  inpiation 
(16),  the  design  parameters  affecting  r are  Ag,  K,„,  rg,  kg,  and  R^  is  determinetl  by  the 
available  system  flow,  and  K,„  is  fixed  by  the  flap|>er  nozzle  and  the  second-stage  sjhwI  design. 
Parameters  Ag,  rg,  and  kg  can  all  Iks  used  to  minimize  r.  Decreasing  rg  decrea.se,s  rj  however,  it 
decreases  also  the  servovalve  gain  { AgKfAjKsp/[(K,„/r{,)  + 2kg] kJ  from  etjuatlon  (15)  by  the 
same  magnitude.  Increasing  kg  decrea.ses  r,  but  it  decreases  also  the  .servovalve  gain  by  the  same 
magnitude.  Decreasing  the  bellows  area  decreases  t by  the  art.a  stiuarerl,  Ag.  It  decreases  also  the 
servovalve  gain,  but  to  the  first  i>ower,  Ag.  Since  usually  Ag  < 1,  then  for  any  decrea.se  in  Ag,  the 
decrease  is  greater  in  t,  which  has  the  factor  Ag,  than  in  the  servovalve  gain,  which  has  the  factor 
Ag.  Therefore,  as  a first  step,  the  bellows  area  should  Iw  reduml  to  minimize  t. 

A second-order  approximation  to  servovalve  dynamics  is  used  when  resimnse  near  the 
90-deg  phase  lag  jxrint  is  of  interest.  This  approximation  is  usually  used  in  describing  jxviition  con- 
trol servomechanisms,  that  is,  closed-loop  |x>sition  control  systems.  The  fH)-deg  phase  lag  ix)int  is 
best  associated  with  the  apparent  natural  frequency  (or  natural  freriuency),  o),,,  (1/s),  of  the  .ser- 
vovalve, and  the  damping  ratio,  <,  is  best  associated  with  the  amplitude  characteristic.*  The 
second-order  approximation  to  .servovalve  dynamics  has  the  form 

•O.  J.  Thaytr.  7'istiu/er  FunctUtiufor  Mmtfi  .Sws»tsi/«w,  H«>.  «<.,  Mcwk  Kwi  Aurtini,  NY.  IWhnUvl  BulMii  KXi 
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.”>:■■  »»4' 


wh«re 


(18) 


Kj  - servovalve  gain  (mVNs*). 


If  the  frequency  res|>onse  near  the  90-deg  phase  lag  point  is  of  interest  fur  the  fluidic 
input  servovalve,  then  equation  (13)  can  be  rewritten  to  approximate  the  servovalve  transfer  func- 
tion. Ql(3)/AP^(s),  as 


rpAsKfA^K^p 


Ql(s) 

(Kan  + 2kBr*B)K, 

AI’a(s) 

p + 2(rBAH)*LAl  . ^ 

r 2(rBAB)*RA  ] 

. K,„  + 2kBrB  J 

.Kan  2kBiBj 

(ly) 


where 


•>•  2kBr»B 

■ J + 2(rBAB)*LA  ’ 

rBAHK(A,K,[, 

K - 

^ J + 2(rBAB)*LA  ’ 

_ 2(rBAB)*RA 

"n  + 2kBr‘B  ’ 

(«‘b^b)*Ra 

{ (K.„  + 2kBr‘B)[j  + 2(rBAB)‘LA]  }'/* 
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A better  iiecond-order  approximation  of  servovalve  response  requires  that  the  input  dynamics  and 
the  transport  delay  of  the  fluidic  amplifier  be  included  in  ecjuation  (19).  A hiKh-iwrformance  ser- 
vovalve calls  for  the  natural  frequency  to  be  as  large  as  possib'e  and  the  damping  ratio  to  be  in  the 
range  0.7  < 4 < 1.0.  From  ei]uation  (19).  a high  natural  frer^uency  retpiires  that  the  bellows  area 
be  as  small  as  possible  and,  for  a given  bellows  area,  that  the  amplifier  output  resistance  be  ad- 
justed so  that  ( is  in  the  desired  range.  Good  first-  or  second-order  servovalve  dynamics  call  for  the 
bellows  area  to  be  as  small  as  possible. 

2.2  Fluidic  Amplifier  Leakage  Flow 

The  fluidic  amplifier  portion  of  the  fluidic  input  servovaUe  (fig.  2)  is  part  of  the  first 
stage  of  the  valve.  Therefore,  che  fluidic  amplifier  leakage  flow  adds  to  the  existing  first-stage 
leakage  flow  of  the  flapper  nuzzle  valve.  The  amplifier  leakage  flow  is  the  amplifier  supply  flow, 
(mVs).  The  necessary  supply  flow  is  a function  of  the  amplifier  output  resistance  and  the 
desired  servovalve  time  constant.  The  supply  flow  is  derived  in  ternts  of  these  parameters. 

The  amplifier  supply  flow  ctm  be  written  as 


Q.  - 


Rs 


a^ 

"Ra 


(20) 


where 

P,  - amplifier  supply  pressure  (Pa), 

R,  amplifier  power  nozzle  resistance  (Ns/ m*). 

a constant  (with  values  in  range  0.5  < a < 0.6), 

n « constant  (determined  by  amplifier  height  and  number  of  parallel 
laminates  used). 

From  equation  (8),  the  maximum  flapper  deflection,  (rad),  occurs  when  s -•  0 and  is  given  a.s 
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max 


(21) 


From  equation  (21),  can  be  written  as 


APa  - 


max 


(22) 


If  a first-order  approximation  is  used  to  describe  the  servovalve  dynamics,  the  time  constant  from 
equation  (16)  is 


2A{,H 


T - 


H"A 


"i>i> 


+ 2k. 


Kroin  tH|uution  (UJ).  can  U'  written  us 


Ha  “ 


2A!, 


H 


unii,  by  iisiii);  (H)iiutii)iis  (22)  uiui  (23),  the  supply  How  can  )h'  written  as 


lU 


(23) 


(24) 


1'luis,  ininiini/iiiK  tiu'  hollows  urou  ininiini/os  also  tlio  uinplilior  supply  How  i>r  tiu*  I'irst-stu^o  sor^ 
vovulve  lettkaj{o  flow, 


3.  TEST  RESUEl'S 

1'ho  Hurry  niainoml  l,alu>rutorios  (HOI,)  puri'hu.stHl  two  flulilio  input  .sorvovalvos  with  o.sson- 
tiully  idontioul  porforinuiuv  sprx'ifioutions  (fijj.  2).  ('urstjry  tests  wert»  conilueltHl  on  one  servi)vulve 
at  HPI,.  SiiuH'  111)1.  dcM's  not  have  the  fuoilities  lor  thoroughly  testiuK  servovalves,  the  other  one 
was  further  develotHnl  and  thoroughly  testtnl  on  t'ontrael.'*  The  additional  ilevelopnient  ullowtHi 
the  serviwulve  to  he  driven  hy  an  eUx'trleal  signal  or  a fluidio  signal.  The  eUvtrleuI  signal  energi/tnl 
the  tonpie  motor,  whieh  in  turn  drove  the  flupiH'r  no/./.le  valve.  I'he  fluidie  signal  was  uinollfhHl 
hy  a fluidie  umjilifier,  whieh  drove  u set  «»f  helhiws,  whieh  in  turn  drove  the  flapjH’r  no/zle  s alve. 
This  servovalve  luul  an  initial  .set  of  Im'IIows  with  an  area  smaller  than  normal,  .\n  - 31,1)  nun”. 
The  test  program  eulUni  for  replaeing  this  .st't  of  Ih'IIows  with  a smaller  .set.  A|)  « 18, 1 mm”,  and 
then  with  a larger  .set,  - 44. ,5  mm*.  This  prsunxlun*  was  .set  up  us  a means  t)f  verifying  the  intie 
elusions  rs'uehesi  in  the  design  sxnisiderutious  (.sivt.  2).  The  servovalve  was  tsssttnl  with  the  initial  .s«'t 
of  Ix'llows,  An  - 31,5)  mm*.  Figure  7 shows  the  dynumie  respon.se  of  the  .servovalve  driven  hy  an 
ehvtrieal  signal  uiul  hy  a fluislle  signal  * The  eurve  td  pha.se  lug  versus  frtHpieney  h)r  the  fluidieulls' 
driven  .sorvovals  e shows  43  deg  of  phu.se  lug  at  20 11/..  From  ixpiution  (10).  the  .servovalve  time  cxm- 
stunt  ean  he  gisen  us 


T 


- --  tan  0 

u> 


1 

HnX 


tan  4,3 


8 ms  , 


(2,5) 


*i).  I.rr  (irui  /).  W’ormli^,  H^lniulU'  Amttiifirr  t'trf,>rmami>  in  t'lixiMon  t'oNtisd 

/imlltuti' iif  TisViritiiiigy,  MA.  HPl.  CH-TT  I9i-t  (th'xYmhrr  /H'D. 
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when* 

9 > 45 

f - 20  Hk. 

ThU  siprx’uvaU’t'  rtsKiuuvsr  to  fluidic  input  rt^prcstciits  a siKuificaut  iinpruvcincnt  i»'cr  prt>vious  fluidic 
input  val\‘c  r»s|H>iuHNi.  This  iinprt)\t>nunit  was  accuinplisltiHl  by  usiitK  (1)  stuallcr  Ik'Uowsi  and  (2)  a 
fluidic  amplifier  with  little  low- frequency  phast^  shift.  The  initial  st>t  of  lielluws,  was  not 
replaced  afler  the  testinti  reiHtrUnl  by  and  Worinlev.*  that  is.  with  the  .smaller  .set  of  Indlows, 
AJi.  or  the  lariier  set  of  lielUiws,  A^h,  Itevause  the  servovalve  rtvi|H)nss«  with  the  initial  set  of  Mlows 
was  clivst*  to  the  ilesirtnl  rvs|H)ivse  and  lHH.'ause  the  Imllows  were  a iHsst  and  reliability  prttblein.  Fur  a 
normal  prsHiuction  run  of  Mhkws,  the  spring  ratt«s  vary  ±30  )H'rt'sntt  frt>m  the  nominal  value,  Ti) 
obtain  two  Ih'Uows  with  identical  sprinti  rates  incrt<a.sv.s  the  cost  i'onsiderably.  MorsHtver,  the 
Itellows  rupturtni  very  easil>'  due  to  either  kwt'rprssssurinn  or  mlslrandlintt. 

Fsen  though  the  servovalve  rtwiKtase  to  fluidic  input  rt'prtwents  a significant  improvement, 
the  response  is  nut  conqrarable  to  the  rt\s|H>nst'  to  ebvtrical  input  as  stvii  in  fignrt'  7.  The  addtnl 
phase  shift  using  fluidic  input  is  due  to  phast>  lag  in  the  fluUlic  antpllfier  and  the  amplifier  output 

Ntvi'K!  sYNtmu-s  AUK  iruKiNKir  i)N  i‘r,  aa.  a-t. 


I'igutv  7,  FluSdk'  input  sersskvabe  (fig.  SI  frvqueiH'y  rvqNHue  (data  from  O,  Iw  ami  O.  N.  Wormley, 
Mawachusetts  Institute  <if  Tvi'hmUugy  111)1  .><:H-77- ID M,  Dei'einlier  ltt77). 


*1>.  l.rr  and  1),  A’,  Womiey,  IlgdotuMi'  .Stgnai.tNsnwiHng  .AmidiNer  tVrftinnamy  m tNwiNtm  (.’unrn*/  .S^stenw. 
MawarAusHP  InuHtutr  d/  I'mAmdtigy,  CarnAmV.  .V.A.  HOL  CH  TT  m i (Dtsvwiw  /Mr'), 
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r^l!itui)c't>  und  U’lluws  capadtanct^  time  cttastant.  The  pha.se  .shift  obst'rved  with  the  fluidic  input 
valve  due  to  the  time  cHinstant  is  desc'ribed  by  tHpiatiun  (15),  and  the  added  pha.se  .shift  due  to  the 
fluidic  amplifier  dynamic.s  can  Ite  de.scribed  by  etpiation  (13)  with  the  addition  of  the  amplifier  in- 
put dynamics  and  trans{H>rt  delay.  The  added  phase  shift  observed  usin((  fluidic  input  to  the  .ser- 
vovalve in  the  20-  to  120- Hz  rej^on  l)ecame  si)>nificant  when  the  salve  was  tested*  in  a clo.st'd-Uxsp 
servo  control  system.  These  results  indicate  that  jervovalve  res]H>nse  to  fluidic  input  cannot  be 
meanintrfull.s’  approximated  as  a first-order  system  (sect.  2).  The  fre(]uency  res{>on.se  of  the 
amplifier  mu.st  be  coasidered.  The  results  indicate  also  that  further  development  is  needed  to  make 
the  valve  rt'sixmse  to  fluidic  input  iHsinparable  to  valve  res{X)nse  to  electrical  input,  ]x>ssibly  by  us- 
intl  an  approach  that  diH's  not  reiiuirt>  bellows.  This  development  is  crucial  because,  at  present, 
fluidic  control  system  |H'rformanct'  is  degraded  by  the  servovalve,  and  this  degradation  is  indepen- 
dent of  any  fluidic  .sensing,  amplification,  and  signal  pr(X't>ssing  errors. 

4.  CONCLUSIONS 

This  design  study  is  amceriuxl  with  two-.stage  fluidic  input  servovalvt^  using  Ikdlows  to  drive 
a first-stage  flap{)er  nozzle  valve.  The  study  shows  that  minimizing  the  btdlows  area  reduces  (1)  the 
servovalve  timec'onstant  and  (2)  the  first-stage  fluidic  amplifier  leakage  flow.  A reduced  fluidic  in- 
put .servovalve  time  cxmstant  in  the  1-  to  5- ms  range  is  desirt*d.  Exi^erimental  tests  were  conducteil 
to  verify  the  results  of  the  design  study.  These  te.sts  of  a dual-input  (elei'trical  and  fluidic)  .ser- 
vovalve cH)nductt‘d  at  the  Massuchu.sett.s  Institute  of  Technolog>'  show  that  a time  a)nstant,  t - 
8 ms,  was  obtained  by  using  very  small  bellows.  The  first-order  approximation  to  a servovalve 
resixuLst'  ustxl  in  the  design  cxuisideration  was  found  to  be  valid  up  to  20  Hz  or  for  a pha.se  lug  to  45 
deg.  This  .sers'ovalve  res(xmse  to  fluidic  input  represents  a significant  improvement  over  previous 
fluidic  injmt  .st'rvovaK  e resjx)nse.  However,  the  resjxnuse  of  the  servos  ulve  to  fluidic  input  is  not 
comparable  to  the  resjxmse  to  ek'ctricul  input  Ix^yond  20  Hz.  The  two  servovaU  e re.s|x>nses  differ 
in  that  there  is  additional  pha.se  lug  by  using  fluidic  input.  The  added  phase  shift  was  due  to  (1)  the 
fluidic  amplifier  pha.se  lag  and  (2)  tbe  amplifier  output  re.slstani'e  and  bellows  cupucitunct*  time 
constant.  This  added  phu.se  lag  degradwl  the  .system  jH*rformanc'e  when  the  sers'ovulve  was  used 
with  fluidic  input  in  a clo.st'd-hx)p  .servo  .system.  The  exix'rimental  results  indicate  that  .servovalve 
rt<s{x>ase  to  fluidic  input  mu.st  be  approximated  us  a sm>nd-  or  higher-order  .system  when  u.si>d  in  a 
clust«d-hx>p  .servo  sj'stem.  Tbe  approximate  re.sponse  must  take  into  acHH>unt  (1)  the  phase  .shift  of 
the  fluidic  amplifier  and  (2)  the  amplifier  output  rcsistani't*  and  bellows  cupucitunct'  time  tx>n- 
stant.  The  nvsults  indicate  also  that  further  development  is  net'dt'd  to  make  the  fluidic  input  valve 
res|x)n.se  tx>mparable  to  the  elet'trical  input  valve  response. 


•tJ.  I.w  ami  D.  iV.  W'onnliy,  Hj/tirauli<-  Signal- I'nHrttinfi  Amf>iifii^r  IWfonimmY  <n  PotitUm  Coniroi  Syslenu, 
lUasxx-Atwvm  liuHMtfoJ  IWhmituioi,  CambrUl^f,  MA,  HPl.-VH-7T-l9J-i  (Dtermbtr  1977). 
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NOMENCLATURE 


a Constant  (with  values  in  range  O.S  < a < 0.6) 

Ag  Bellows  cross-sectional  area  (m*) 

Aj  Spool  end  area  (m*) 

Af^  Nozzle  exit  area  (m*) 

C Fixed  volunie  capacitance  of  bellows  (mVN) 

f Frequency  (Hz) 

fg  Break  frequency  (1/s) 

H(s)  Transfer  function  (mVNs) 

Hi(s)  Servovalve  transfer  function,  first-order  approximation  (m'^/Ns) 

H2(s)  Servovalve  transfer  function,  second-order  approximation  (mVNs) 

J Polar  moment  of  inertia  of  flapper  (m-N-s*) 

kg  Spring  rate  of  bellows  (N/m) 

Net  torque  spring  rate  due  to  torsional  spring,  magnetic  effects,  and  flow  forces  on  flap- 
per (m-N/rad) 

Spring  constant  of  cantilevered  flapper  arm,  which  is  assumed  to  be  fixed  at  pivot 
(N/rad) 

Kf  Flapper  nozzle  pressure  gain  (N/m’) 

K,  Differential  spring  constant  of  centering  springs  attached  to  ends  of  spool  (N/m) 

Kq,  Spool  flow  constant  (m’/s) 

K]  Servovalve  gain,  first-order  approximation  (m’/Ns) 

Kj  Servovalve  gain,  second-order  approximation  (m’/Ns*) 

Amplifier  output  inertance  (Ns*/m®) 

n Constant  (determined  by  amplifier  height  and  number  of  parallel  laminates  used) 
Amplifier  output  pressure  (Pa) 

Pg  Bellows  pressure  (Pa) 

P(,  Amplifier  control  pressure  (Pa) 

Pi^P  Differential  pressure  (Pa) 

P,  Amplifier  supply  pressure  (Pa) 

Qj  Flow  into  bellows  (m*/s) 

Ql  Load  flow  (m*/s) 

Qo  Flow  out  of  bellows  (m*/s) 

Q,  Amplifier  supply  flow  (m’/s) 

rg  Bellows  moment  arm  (m) 

r^  Flapper  moment  arm  (m) 

Amplifier  output  resistance  (Ns/m’) 

R,  Amplifier  power  nozzle  resistance  (Ns/ m’) 
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NOMENCLATURE  (Coat’d) 


s Laplace  transform  variable  (1/s) 

T|  Fluidic  input  torque  (Nm) 

X{  Flapper  displacement  (m) 

X,  Spool  displacement  (m) 

y Load  velocity  (m/s) 

9 Angular  deflection  of  flapper  or  torque  arm  (rad) 

^Ri«x  Maximum  flapper  deflection  (rad) 

6(s)  Flapper  deflection  (rad) 

{ Damping  ratio 

T Equivalent  servovalve  time  constant  (s) 

|(s)  Single  side  flapper  bending  angle  (rad) 

o>Q  Apparent  natural  frequency  or  natural  frequency  (1/s) 
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VmrsVILU,  AL  35807 
ATTN  J.  PAPAOOPOUL08 

CQMIAWBA 

USA  POA12QN  8CXSNCB  i 
neWOLOGY  CPtmA 
PBDCAML  OPPXCB  BOILOINO 
220  7th  STAOT,  m 
OUALOmsVILLB,  VA  22901 
ATTN  OAXST-SDl 


OIABCTOA 

APPLIED  mCMMOLOCY  LABOAATOAY 
POST  EUSTXS,  VA  23604 

ATTN  GBAGE  U.  POEOXCIC,  DAVDL-IU-SYA 

CQMtAWBA 

USA  MISSILE  AES  A DEV  COWUMD 
ABOSTOir!  AASENAL,  AL  35609 
ATTN  AEDSTONB  SCIENTIPXC 

XNPOBMATXON  CBNTXA,  DASNI-ABO 
Arm  DADMX-TCC;.  NlLLXAfl  GAIPPXm 
ATTN  DADMI-TGC,  J.  C.  DIMANAY 
ATTN  DACPN-TOB,  PAED  J.  CNEPLEN 

COMIAMOCA 

USA  MOBILITY  EQUIPMniT  BAD  CDITXA 
PONT  BBLVOIA,  VA  22060 
ATm  TECHNICAL  LIBAAAY  (ViULT) 

Arm  DADHE-EM,  A«  N.  MAAE 

C0NMAN08R 
KIGENOOO  AASEMAL 

ABEADEOI  PAOVXMG  GAOUND,  B 21010 
ATTN  SAABA-MT-T,  MA.  D.  PATTON 

COMIANOEA 
US  AANY  AAAADCON 
OOVEA,  Ml  07801 
ATm  8AAPA-TS-S-9S9 
Arm  DADAA-LCN-P,  A.  E.  SCISIXDLIN 
ATTN  OADAA-LCN-E,  NA.  J.  OONMOA 

'.ONNANDBA 
NAnAVUET  AASENAL 
HATBAVLIET  AASEMAL,  NY  12189 
ATm  SAIifV*ADT*L 

OOMUNDEA 

USA  TANK  AUTOMOTIVE  AES  6 
DEV  CONNAMD 

AAHOA  6 COMP  DIV,  DADTA-HKT 
BLOG  215 

HAAAEN,  MX  48090 
Arm  T.  NOZONYX 
ATTN  M.  STEELE 

CQNMAMOBA 

NMXTE  SANDS  MISSILE  AANQB,  Ml  68002 
ATTN  STCNS-AD-L,  TECHNICAL  LZEAAAY 

CONNANDBA 

US  AAMY  AANANBNT  NATEA2BL  AIADZMSSS 
CONNAND 

AOCK  ISLAND,  IL  61299 
ATTN  OMEAA*ADG*T,  NA.  A.  SPENCIA 
ATTN  DAEAA-'Asr 

OCNMAWEA/DZAIcrOlt 
ATMOSPIBAZC  SCIENCES  lABONATOSy 
USA  EAADCON 

WITS  SAND8  NI8SZLE  AANGS,  IBI  88002 
ATTN  0EXA8-AS  (MOLT) 

OPFICt  OP  NAVAL  RlSEAACH 
OOAATMNT  OP  tW  NAVY 
AALXNOtCM,  VA  22217 

ATTN  8TANLBY  tf.  OOMOPP,  CODE  438 
ATTN  0.  8.  SZNGKL,  CODE  211 

DSPAJONUT  OP  THE  NAVY 
ASO  PLANS  DZVXEZON 
AOOM  50760,  PBrrAGON 
MAEHZNGTOM,  DC  20350 
ATTN  BBU  A.  PETIUB,  JA. 

OPo987P4 


CONNABEA 

NAVAL  AIR  DEVELOPMENT  CSNTEA 
NAMCtNSTEA,  PA  16974 
ATTN  A.  HCGIBOMEY,  30424 
ATTN  CODE  6134,  LOIS  GUISE 

NAVAL  AZA  SYSTEMS  COMMAND 
DBPAATHBtrr  OP  TUB  NAVY 
HASHZNGTON,  OC  20360 
ATTN  CODE  AZA-52032A, 

J.  BURNS 

ATTN  CODE  AIA-52022E, 

D.  HOUCK 


COMMANDER 

PACIPZC  MISSILE  AAMGE 
NAVAL  MISSILE  COtTlA 
POINT  NUGU,  CA  93042 
ATTN  CODE  3123,  Att  J.  GAAAnT 
ATTN  CODE  1243,  A.  ANDEAEOM 

COMHAMDBA 

MAVAL  SNIP  BMCZMSEAZHG  ODITKA 
PHILADELPHIA  DXVZSZON 
PHILADELPHIA,  PA  19112 
ATTN  CODE  6772,  D.  OYSEA 

OOMNMANDBA 

MAVAL  SUAPACE  NKAPQMS  OMTSA 
NMXTE  OAX,  ND  20910 

ATTN  CODE  413,  CLAYTON  MCtUHDAA 
Arm  CODE  NA-33,  J.  O'STEEM 

COniAMDEA 

NAVAL  OAOMANCB  STATION 
DIDIAIMSAD,  lt>  20640 

ATTN  CODE  51238,  J.  MOAAIS 

NAVAL  SKIP  AES  6 OBV  CINTSA 
CODE  1619,  HR.  K.  SBADBR 
BETUESDA,  MD  20064 

MAVAL  SEA  SYETIME  CQIMAMD 
SEA0331N 

MASHZNGTOH,  DC  20363 
ATTN  A.  CHAIKIN 


COWUNDBA 

NAVAL  tttAPOMS  CBITBA 
CHINA  lAXB,  CA  93555 

ATm  CODE  533,  LIBRARY  OIVXSZOII 
ATm  COOB  5536,  MR.  N.  D.  JA008BON 

COmtANDBA 

AT  ABAO  PROPULSION  LABORATORY,  AP8C 
tfRZCmr-PATTBRBON  APB,  OH  45433 
ATTN  LBSTBA  MALL  1T8C 

COMMANDER 

AZA  PONCE  AVIONICS  XABOAATORY 
NRZGirr'PATTBASOH  APB,  ON  45433 
Arm  MN-3,  AICMAAD  JACCH 

DZANCTOR 

AT  OPPXCB  OP  SCIBfTZPZC  AESBBATI 
1400  NZL8QH  8LVD 
AALZNOTOM,  VA  22309 

ATm  NE,  NR.  GWRGB  YMBDflNMlWBR 

COMMAKJBR 

AIR  PORCB  PLXGHT  DYMANZCS  LANORATORY 
NRZGHr-PATTBR80il  APB,  OR  45433 
ATTN  APPDL/PQL,  H.  IWOMAI.li 
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OlSntlBUTION  <Cont*d) 


CdMMOBIt 

AT  MBAPOMt  ZJMOMTORY,  ATIC 
KXKTLMO  AT*.  IM  17117 
Arm  suL«  ncwixcAL  uviuunr 

COMNAIOU 

AlMAMtirr  OBVILOMMT  AMD  TEST  OWm 
BCUM  AIM  POMCB  MSS«  PL  33543 
Arm  ADTC  (OLOSL) « TA:M  LIBMAMY 

AIM  POMCt  PLICMT  1TST  CSKTCM 
«510  AMC/S8D 
DMAMM  An,  CA  93533 
ATTM  TICMNZCAL  UMMAMY 

AT  ZMSTITVTC  OP  TBCtMOtOOT,  AU 

MUGNT-PAmMON  APB,  ON  45433 
Arm  LZBMAMY  APZT(U), 

BLOG  B40,  ABBA  • 

ATm  APIT(BMN},  N1L10M  B.  PMAMCS 

ABNOCPACt  IBDICAL  DIVISION 
BNOQBS  ATB,  TX  7t335 
Arm  AW/MDM,  CPT  C.  JAWS 

DXV.  or  MBAcrOM  MBi  ft  OBV 
r>309  USBMOA 
MAMHIWGTOM,  DC  30545 
Arm  PBAIK  C.  LBGUM 

OAK  MIOGB  NATIONAL  LABONATOMY 
cnrrMAL  mbs  LtSMAirY 
BLOC  4500N,  MN  175 

r.o.  BOX  X 

OAK  MIOGB,  m 17S30 
ATTN  B.  NONAMD 

OBPT  OP  KIM 
PUBLIC  KIALTN  SBKVXCB 
NATIONAL  XMSTX1UTB  OT  ttALTV 
BLOG  13,  BM  W*13 
BBTMBSOA,  MD  30014 
Arm  C.  J,  NCCAKTUY 

DBPAMmBNT  OP  CQMSMCC 
NATIONAL  BUREAU  O)*  STAIOAAOS 
NABNXNGTON,  DC  303 34 

ATm  DM.  JAKBS  BCNOOLBY,  CHICP, 
mNPBBATUMB  SECTION 
ATm  DM.  T.  BBGAB, 

NATBRIAU  DIVISION 

DBPAMmBNT  OP  CONKBIICE 
BUMBAU  OP  BAST*tfBBT  TMADB 
OPPICt  OP  EXPORT  ADMINISTRATION 
NASHZMCTON,  DC  30330 
ATm  NALTBM  J.  WSMACK 

SCIENTZPXC  LIBMAMY 
US  PATWr  OPPZCS 
MA8HIIN7XON,  DC  30331 
Arm  NRS.  CUBETON 

DBPAMNKNT  op  CCBtgiCE 
NATIONAL  BUREAU  OT  STASDAKIS 
MASNXIIOXON,  DC  30334 

Atm  GOBTAVB  SRAPZRO,  435.00 

NASA  AMES  REBBARCM  OPflBR 
MUtnn  FIELD,  CA  94035 
Atm  MB  344*13,  DCAM  OIZSIL 


NASA  LANGLEY  MSBSARCN  CSMIER 
MANPTON,  VA  33AS5 

ATm  NS  494,  H.  D.  GAMMUl 
Atm  HE  494,  M.  M.  HBLLBAtm 
Arm  NS  1S5,  TBCIBiXCAL  LIBRARY 

NASA  LEMZS  MESBAMCN  CSmA 
31000  BROOKPAMB  ROAD 
CLEVELAND,  ON  44135 
Arm  VERNON  D.  CEBBEN 

NASA  SCIENTZPZC  ft  TBCU  INTO  PACILITY 

I\0. 

BALTINOMB/^AASNINCTCM  ZNTBMNATXOHAL 
AZMPORT,  MD  21240 
ATm  ACQUISITIONS  BRANCN 

UNrVBRSZTY  OP  ALABAMA 

CIVIL  ft  MINERAL  tNCZNEBMIMC  OCPT. 

t'.O.  H()X  MbH 

UNIVERSITY,  AL  154B4 
Aim  OR.  MABOLD  R.  IBMRY 

ARIZONA  STAm  UNIVERSITY 
bnginbbrinc  CBNTBM 
TEMPS,  AZ  85381 

Aim  PBTtR  K.  STBIN,  LABORATORY 

POM  NBASURJMBNT  SYSnMS  WCM. 

UNIVCM5XTY  OP  AMKANSAS 
mCKNOLOCY  CAMPUS 

W>X  10|7 

L11TU  MOCK,  AM  72203 
Aim  PAUL  C.  MCLEOD 

UNIVBMSITY  OP  ARKANSAS 
WCHANICAL  moiNBSRIMC 
PAYBTTrVILLB,  AR  73701 

Aim  JACK  H.  OOL£,  ASSOC  PROP 

caiimegib;*mkllon  university 

8CKBNLBY  PARK 
PirrSBURCH,  PA  15213 
Aim  PROP  M.  T.  ROULEAU, 

»CCK  CNCM  OCPT 

CASI  MBSTBMN  MBSEm  UNIVERSITY 
UNIVERSITY  CIRCLE 
CLEVELAND,  OH  44104 
Aim  PROP  P.  A.  OMNEM 

THE  CITY  COLLEGE  Of  THE  CITY 
UNIVERSITY  OP  NY 
OCPT  OP  NECH  ENCR 
139th  ST.  AT  CONVENT  AVE 
tmt  YORK,  NY  10031 
ATm  PROP  L.  JIJX 
Aim  PROP  G.  LOMBN 

DUn  UNIVERSITY 
OOLLBGE  or  OIGINBSIUNC 
OURNAN,  NC  27706 
Aim  C.  K.  RAMNAM 

DiOINRBRING  SOCIETIES  LIBRARY 
345  EAST  47m  STREET 
HBN  YORK,  NY  10017 
Aim  HONARD  GORDON 
Aim  ACQUISITIONS  DVARTWNT 
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PMANKLIN  INSTITUn  OP  THE  STATS 
or  PENNSYLVANZA 
30TN  STREET  ft  PARKHAY 
PHILADELPHIA,  PA  19103 

Aim  KA'CKEUNC  TSUI,  EUDC  ENGS  PIV 
Aim  C.  A.  BELSTSRLIMC 

KUCKBS  HELICOPTERS 
DIVISION  OP  SUNNA  CORPORATION 
CBITZNELA  ft  TBALE  STREETS 
CULVER  CITY,  CA  90230 
Aim  LIBRARY  2/T3124 

XIT  RESEARCH  INSTITUIC 
10  WEST  3Sth  STREET 
CHICAGO,  XL  60616 
Aim  DR.  K.  E.  MCKEE 

JOHNS  HOPKINS  UNIVERSITY 
APPLIED  PHYSICS  LABORATORIES 
LAUREL,  MD  30810 

Arm  HR.  MAYNARD  HILL 
Arm  MR.  THOMAS  RANKIN 
Arm  NR.  JOSEPH  NALL 

LEHIGH  university 

DIPARmENT  OP  MECHANICAL  ENCINBZRiNC 
BETHLEHEM,  PA  18015 

Aim  PROP  FORBES  T.  BBOMM 

LZMDA  HALL  LIBRARY 
5109  CHERBY  street 
KANSAS  CITY,  MO  64110 
Aim  DOCtSOMTS  DIVISION 

MASSACHUSETTS  INSTITUTE  OP  TBCHIiOiLOCy 
77  MASSACHUSETTS  AVEMUS 
CAMBRIDGE,  MA  03139 

Arm  ENCINBERZNC  TBCNNICAL  REPORTS, 
m 10-408 

Aim  DAVID  NDBMLEY,  MBLH  ENGB  OtPT, 
M 3-146 

MICHIGAN  TECIOIOUJGXCAL  UNIVERSITY 
LIBRARY,  DOCUMENTS  DIVISION 
HOUGHTON,  Ml  49931 
Aim  J.  UAVrHORHE 

UNIVERSITY  or  MISSISSIPPI 
201  CARRIER  HALL,  DEPT  OP  lOCH  |NOM 
UNIVERSITY,  NS  38677 
Aim  OR.  JOWI  A.  POX 

MISSISSIPPI  STAm  UNIVERSITY 

DRANER  ME 

STATE  COLLEGE,  MS  39672 

ATm  DR.  C.  J.  BELL,  NECH  EHG  DRpT 

UNIVERSITY  OP  NEBRASKA  LZBRABIRS 
ACQUISITIONS  DEPT,  SERIALS  SECTION 
UNCOLN,  MB  68506 
Aim  AMM  GOULD 

UNIVERSITY  OP  MEN  HMMPSHIRB 
WCH  EMGR  OBPT,  KINGSBURY  HALL 
DURHAM,  lit  03824 

Arm  PROP  CHARLES  TATE 


OISnOBUTZOM  (COAtM} 


DEPAmMBHT  OP  HECHAMXCAL  IM51NE2RZMG 
MBNMOC  COLLEGE  OP  ENGINEERING 
323  HIGH  STREET 
MENRMC,  HJ  07102 
ATTN  DR.  R.  Y.  CHEN 

OHIO  STATE  UNIVERSITY  LIBRARIES 
SERIAL  DIVISION,  MAIN  LIBRARY 
I8S6  NEIL  AVmUE 
COLUNEUS,  OH  43210 

OKLAHOMA  STATE  UNIVERSITY 
SCHOOL  OP  MECH  S AERCSRACE  ENGR. 
STILLKATER»  OX  74074 
ATTN  PROP  EARL  N.  REID 

MIAMI  UNIVERSITY 
DEPT  OP  ENG  TECH 
SCHOOL  OP  APPLIED  SCIENCE 
OXrORD,  OH  450S6 

ATTN  PROP  S.  B.  .-RIBOMAN 

PENNSYLVANIA  STATE  UNIVERSITY 
215  mechanical  smgikeering  blg 
UNIVERSITY  PARK,  PA  16802 
ATTN  DR.  J.  L.  SHEARER 

PENNSYLVANIA  STATE  UNIVERSITY 
ENGINEERING  LIBRARY 
201  HAMMOND  BLDG 
UNIVERSITY  PARK,  PA  16802 
ATTN  H.  BENNETT, 

ENGINEERING  LIBRARIAN 

PURDUE  UNIVERSITY 

SCHOOL  OP  MECHANICAL  INGINEBRIMG 

LAPAYrm,  IN  47907 

ATTN  PROP.  VICTOR  N.  00L08CWIIDT 
ATTN  PROP.  ALAN  T.  MCDONALD 

ROCK  VALLEY  COLLEGE 
3301  NORTH  WJLPORD  ROAD 
RXKPORD,  XL  61101 
ATTN  ESN  BARTON 

RUTCXRS  UNIVERSITY 
LIBRARY  OP  SCIENCE  « MEDZCIIIB 
NEW  BRUNSWICK,  NJ  08903 
ATTN  GOVERNMENT  DOCUMENTS  DEPT 
MS.  SAIDRA  R.  LIVINGSTON 

SYRACUSE  UNIVERSITY 
DEPT  OP  MECH  fi  AEROSPACE  ENGINEERING 
139  E.  A.  LINK  HALL 
SYRACUSE,  NY  13210 
ATTN  PROFESSOR  D.  S.  OOSANJH 

UNIVERSITY  or  TEXAS  AT  AUSTIN 
DEPT  or  MECHANICAL  ENGINEERING 
AUSTIN,  TX  78712 

ATTN  DR.  A.  J.  HEALEY 

THE  UNIVERSITY  OP  TEXAS  AT  ARLINGTON 
mechanical  ENGINEERING  OKPAITMBrr 
ARLINGTON,  TX  76019 
ATTN  DR.  ROBERT  L.  NOODS 

TQLANB  UNIVERSITY 

DEPT  OP  MECHANICAL  SIGINEBRZMG 
MEN  ORLEANS,  ZA  70118 
ATTN  H.  r.  HRJBICKY 


UNION  COLLEGE 
HECUAMICAL  ENGINEERING 
SCHENECTADY,  NY  12308 

ATTN  ASSOC  PROP  N.  C.  AUBREY 

MECH  ENGR  DEPT,  StEIMOTZ  HALL 

VIRGINIA  POLYTECHHIC  INSTITUTE 
OP  STATE  UMZV 

MECHANICAL  ENGINEERING  DEPARTMENT 
ILACICSBURG,  VA  24061 
ATTN  PROP  H.  HOSES 

WASHINGTON  UNIVERSITY 
SCHOOL  or  BIGINEERING 
P.O.  BOX  1185 
ST.  LOUIS,  MO  63130 
ATTN  H.  M.  SWANSON 

WEST  VIRGINIA  UNIVERSITY 
MECHANICAL  BIGINEERING  DEPARZNBIT 
MSRGAMIOIfM,  WV  2650$ 

ATTN  OR.  RICHARD  A.  BAJURA 

WICHITA  STATE  UNIVERSITY 
HZCUXTA,  KS  67208 
ATTH  dept  aero  ENGR, 

E.  J.  RODGERS 

UNIVERSITY  OP  WISCf^lN 

mechanical  bigineerznq  department 

1S13  UNIVERSITY  AVENUE 
NBDZSOM,  WZ  53706 

ATTN  FEDERAL  REPORTS  QDraXR 
ATTN  NORMAN  H.  BEACULEY,  DIR, 

DESIGN  ENGINEERING  LABORATORIES 

N0RCB8TER  POLYTECHNIC  INSTITUTE 
WORCESTER,  MA  01609 

ATTN  GEORGE  C.  GORDON  LIBRARY  (TR) 

attv  tschmxcal  reports 

AIRESKARCH 
P.O.  BOX  5217 
402  SOUTH  36th  STREET 
phoenix,  AZ  85034 
Arm  DAVID  SCHAFFER 
ATW  TREVOR  SUTTON 
ATTN  TOM  TIPPETTS 

AVCO  SYSTStS  DIVISION 
201  LOHELL  STREET 
WILMINGTON,  NA  01887 
ATIW  N.  X.  ClARX 

BRtJ.  KELIOSPTSR  CCMPANY 
P.O.  BOX  482 
PORTNORn,  TX  76101 
ATTW  NR.  R.  D.  YEARY 

BENDIX  OORPORATKMI 
XLBCTROOY1IAMZC8  DIVISION 
11600  SHERMAN  NAY 
N.  HOLLYWXO,  CA  9060$ 

ATTW  HR.  D.  COOPER 

BENOIX  CORPORATION 
research  IABORATORXSS  DXV. 

BENDIX  CBRKR 
SOUtnrXKLD,  mi  4807$ 

ATTN  C.  J.  AHERN 


B02IHG  COMPANY,  THE 
P.O.  BOX  3707 
SEATTLE,  HA  98124 
ATTW  HENRIK  STRAUB 

BOWLES  FLUIDICS  CORPORATION 

9347  FRASER  AVENUE 
SILVER  SPRING,  MD  20910 
ATTN  VICE  PRES. /ENGR. 

DR.  RONALD  BOWLES 
2105  SONDRA  COURT 
SILVER  SPRING,  lO  20904 

CONTINENTAL  CAN  COMPANY 
TECH  CENTER 
1350  W.  76TB  STREET 
CHICAGO,  XL  60620 
ATXW  P.  A.  BAUER 

CORDIS  CORPORATION 
P.O.  BOX  428 
MIAMI,  PL  33137 

ATTN  STEPHEN  P.  VADAS,  K-2 

CORNING  GLASS  WORKS 
FLUIDIC  PRODUCTS 
HOUGHTON  PARK,  B-2 
CORNING,  NY  14630 

ATTN  NR.  W.  SCHBHtRHORN 

CHRYSLER  CORPORATION 
P.O.  BOX  118 
CIN8-418-33-22 
DBTROIT,  MI  4823X 
ATTW  MR.  L.  GMJ 

ttUC  ENGINEERING,  INC 

BOX  216  - 216  LirrU  PALLS  RD 

CEDAR  GROVE,  NJ  07009 

ATTN  ANTHONY  P.  CORRADO,  PRESIPEMT 

FLUIDICS  gUARTERLY 
P.O.  BOX  2989 
STAWrORD,  CA  94305 
ATTN  D.  B.  TARONOTO 

GENERAL  ELECTRIC  COMPANY 
SPACl/RSSD  DIVISIONS 
P.O.  BOX  8555 
FHILADILPBIA,  PA  19101 

ATTN  M2R  LIBRARIES,  LARRY  CHASEN 

GENERAL  MOTORS  CORPORATION 
DELCO  BIXCTROWICS  DIV 
MANFRED  G.  WRIGHT 
m COMMERCIAL  PRODUCTS 
P.O.  BOX  1104 
XDXONO,  IN  46901 
ATTN  R.  E.  SPARKS 

GRUMMAN  AEROSPACE  CORPORATION 
TECHNICAL  INPOIMATIOW  CUKSR 
SOUTH  OYSTKR  BAY  ROAD 
KTWPAGE,  L.  Z.,  NY  11714 
ATTW  C.  N.  TURHER,  DOCUMIHTS 
LZBRARZAN 

HAMILTON  STASBARD 

DZVISZON  OP  UNITS)  AIRCRAFT  CORPORATION 
NZMD80R  LOCKS,  CT  06096 
ATTW  NR.  PHILIP  BARNES 
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DtSnilMITIOH  (Cont'd) 


NQMIWUliIif  XMCa 
lUS  UMHMI  nn 
MMMWrOLlt,  M 8S411 
ktni  J.  MmoM 

JOMMOH  CONTMOU,  IMC 
S07  I.  HICHOM 

NiuMums,  in  suol 

lITTM  mUUM  k.  WBtimilM 
MOOW  MOOdCn  COMMUIY 

UHMG  min,  m im7t 
kn«  m.  *.  MUMS 

MMffIM  MkMSnk  OOWOMTIOM 
MMWkCI  DtVlIIOM 
r.O.  »nx  5HJ7 
OMAMDO,  n UlOS 

kn«  K.  K.  UOOBMOM,  MT  !}« 

trot  VITO  o.  Hkvo,  Mr  13< 

MnMMmL  MftCMTT  OMNUn 
OUIOMCI  HMD  CaNT«DL  MKIUIMICI  DIVIIIOM 
IT.  UXIII,  NO  taiM 
ATTN  m.  bOTM,  OUmtOM 

MATtOMIL  TLUIO  KMM  AMOCMTIOM 

nil  Hoinii  Hkmili  lou) 

HiuMinn.  NX  siaai 

ATTM  JOMI  1.  uim 

Dll  or  iKM  mvicu 

rUIUY  MKMMCI  UD 
soo  munwiiT  kam 
turn  114 

IT.  MM,  NO  (1074 
ITTH  Ml.  (MOMI  UrroM 

ucmiD  wm  4 luoctiTu 
nAcnio^MCMMtciL  moimui 
77  KUUN  im  KWO 
lUDWtliy,  HI  01774 
ITTM  UCHAK)  r.  WttC 

locmu,  nmnnTioMiL  cowomtioh 
couMKii  innirr  diviiioh 

I'.O.  MIX  mV 

4100  1.  STM  IVWOC 
COUMMM,  OH  4iai6 

ITTM  Ml.  MkllVIM  KMMIGII 


IMBSI  COmOHITIOH 
XIHTLkM)  in.  HIT 

MAugumgim,  mi  iiiis 

ITTM  MILLIIH  I.  LIUBMIMII.  OIV  aUl 

THITMC,  INC 
r.O.  MM  S4 
couMiA,  m ai04S 
ITTM  L.  IIUIICIU 

IMlTtO  TMCIMOimiU  nuiHCH  CaiTMl 
400  HUH  mnT 
I.  HIRTTOIID,  CT  0410* 

ITTM  A.  I.  OtIOH,  HDI  rUID 
DTMIHXCI  LIMIITOIV 

IM  MMT  CLHCTIIOHICI  MMIIICH 
4 DIVBDOMMMT  COMIIMD 
ITTM  HlMNIH,  KMUIT  I.,  M. , IMML-Cr 

ITTM  no 

ITTM  r.  H.  NMION,  BMML-I»-CCH  (1  COTIII) 

MimY  DIAMOND  UMOHITONIII 
ITTM  00100,  COMHIHDII/TMCMMtCIl.  DIl/TtO 
ITTM  CMItf,  OOaiO 
ITTM  CHIir,  DXV  10000 
ITTM  CHiir,  Div  aoooo 
ITTM  CHIir,  DIV  10000 
ITTM  CHIir,  DXV  40000 
ITTM  Oinr.  lAI  11000 
ITTM  CMIV,  LM  11000 
ITTM  CMItf,  LM  ‘ ^000 
ITTH  CHItf , LM  a.wOO 
ITTM  CMItf,  LM  aiOOO 
ITTM  CHItf,  LM  14000 
ITTM  CMItf,  IM  14000 
ITTM  CMItf,  IM  47000 
ITTM  CMItf,  LM  UOOO 
ITTM  RMCOUD  COTT,  >4100 
ITTM  HDL  UMMT,  41000  (S  COTIU) 

ITTH  NDL  LXMim,  41000  (MCXWHMDat) 

ITTM  CMItHHM,  BIITOMAL  COWIITTMI 

ARM  TMCMMICIL  IVOHTM  MANCN,  41100 

ITTM  LMIL  crriCI,  >7000 

ITTM  IMHIM,  C.,  00210 

ITTM  MILLII,  >.,  47400 

ITTM  CMItf,  11400  (10  CCIIU) 

ITTM  DMWIICU,  T.  , 11400 
ITTM  HCM,  0.,  iK.oo  (10  corxu) 

ITTM  OHDMYm,  I.,  11400  (1  COrill) 


